Isotopic discrimination and turn-over are fundamental to the application of stable isotope ecology in animals. However, detailed information for specific tissues and species are widely lacking, notably for herbivorous species. We provide details on tissue-specific carbon and nitrogen discrimination and turn-over times from food to blood, feathers, claws, egg tissues and offspring down feathers in four species of herbivorous waterbirds. Source-to-tissue discrimination factors for carbon (d 13 C) and nitrogen stable isotope ratios (d 15 N) showed little variation across species but varied between tissues. Apparent discrimination factors ranged between 20.5 to 2.5% for d 13 C and 2.8 to 5.2% for d 15 N, and were more similar between blood components than between keratinous tissues or egg tissue. Comparing these results with published data from other species we found no effect of foraging guild on discrimination factors for carbon but a significant foraging-guild effect for nitrogen discrimination factors. Turn-over of d 13 C in tissues was most rapid in blood plasma, with a half-life of 4.3 d, whereas d 13 C in blood cells had a half-life of approximately 32 d. Turn-over times for albumen and yolk in laying females were similar to those of blood plasma, at 3.2 and 6.0 d respectively. Within yolk, we found decreasing half-life times of d 13 C from inner yolk (13.3 d) to outer yolk (3.1 d), related to the temporal pattern of tissue formation. We found similarities in tissue-specific turn-over times across all avian species studied to date. Yet, while generalities regarding discrimination factors and tissue turn-over times can be made, a large amount of variation remains unexplained.
Introduction
The stable isotope composition of a consumer's tissue is generally assumed to reflect the isotopic composition of its assimilated diet at the time of tissue synthesis [1] . As such, the specific composition of stable isotopes in consumer tissues are commonly used to address questions related to foraging ecology, e.g. the determination of foraging niches [2] , or an individuals' position within food webs [3] . Moreover, geographically specific isotope patterns archived in animals tissues allows for spatialtemporal assignments of individuals and for tracking of migration [4] . However, such studies fundamentally rely on a priori knowledge of (1) how stable isotopes discriminate between the original source, either food or body reserve, and the target tissue; and (2) the speed at which a change in dietary isotopic regime is mirrored in the focal tissue, known as tissue turn-over time. That is, how reliably and rapidly animals incorporate the isotopic composition of the resources they use [5] .
Discrimination (DX) essentially describes the specific change of the isotopic composition of the chemical element X, either enrichment or depletion, occurring between source and tissue, such that DX = dX tissue 2dX source [6] . Herein, each d notation gives a difference measurement made relative to a standard dX = [(R sample /R standard 21)]61000 [7] . By considering the general composition of soure and tissue and ignoring component specific assimilation efficiencies or tissue specific nutrient allocation [8] , an 'apparent discrimination factor' can be derived from the difference between isotope data of tissue and source [6] . Such discrimination factors have been shown to vary according to target tissue [9] , diet protein content [10] [11] , and the nutritional state of the organism from which the tissue is sampled [12] .
Tissue turn-over time is the period required to incorporate a specific isotope pattern from source into body tissue. Turnover time, therefore, determines the temporal window during which changes in the isotopic composition of an animal's diet can be discerned [5] . Turn-over times, like discrimination factors, vary between different tissues and depend on the speed of tissue renewal [13] . Metabolically active tissues, such as blood components, liver, and muscle, represent a moving window of information on diet composition [4] . For example, blood cells and blood plasma show rapid turn-over and therefore an archive on the scale of days to a few weeks only [14] , whereas bone collagen shows much longer turnover times. In inert tissues, such as hair, claws and feathers, isotopic information is retained, but only reflects the resources incorporated during the discrete time interval in which that tissue was grown [4] . Such tissues, therefore, afford insights into the forgoing months to years [14] [15] . Finally, the speed of tissue formation co-affects its final isotope composition. For example, when moulting birds travel between different isotopic regions the isotope composition may differ both between and within feathers [16] .
Conclusions derived from isotope measures fundamentally rely on appropriate discrimination factors, and detailed knowledge of turn-over [17] [18] . Small errors in the discrimination and turnover values used can have substantial ramifications for the interpretation of isotopic measurements, and yet many isotopic studies in birds rely on a limited number of investigations into discrimination and turn-over times in avian tissues, especially for tissues other than blood [19] [15] [6] [20] . Indeed, many studies have used discrimination factors derived from inter-specific means or single values measured in other species or tissues [11] [9] . Discrimination factors have been shown to vary according to target tissue and taxonomic grouping [9] , dietary protein quantity and quality [10] [6] [12] -with contradictory results depending on the nutritional state of the birds [21] , temperature [22] , and mode of nitrogen excretion [23] . However, the strength and direction of these relationships have proven equivocal, largely because the mechanistic basis for such differences are not understood [18] . As such, extrapolation of any such relationship to estimate discrimination for a study lacking empirical values remains problematic [24] , and has prompted a renewed call for additional experimental data on discrimination and turnover [5] .
Once discrimination factors and turn-over times are known, however, stable isotope compositions of tissues carry valuable information about food or habitat use over various time frames. Here, we provide critical baseline information about tissue-specific discrimination and turn-over of stable carbon (d 13 C) and stable nitrogen isotope ratios (d 15 N) in herbivorous duck, geese and swan species (Anatidae); a group of birds that are often used as model organisms but for which the prerequisite isotopic data are still lacking. We assess isotopic patterns from food, different blood tissues, body feathers, egg tissue, and finally chick down feathers, to provide unique data covering the annual cycle in these species. Moreover, we compare these data with data compiled from the literature to assess generalizations across avian foraging guilds and a range of body masses.
Methods

Ethics statement
The experiments in the Netherlands were run under animal ethics permissions CL03.01 and CL09.04 from the Royal Dutch Academy of Arts and Sciences (KNAW). Permission for field work at Svalbard was given by the governor of Svalbard (2006/00482-4 a.522.01).
Source-tissue discrimination
In the first part of our study we examined discrimination of d 15 N and d 13 C from food to various body tissues, including blood plasma (plasma), red blood cells (cells), feathers (primaries and back feathers) and claws in Bewick's Swans (Cygnus columbianus bewickii, n = 9) and European Mallards (Anas platyrhynchos, n = 9). Birds were held in outdoor aviaries for .2 years and fed a diet resembling that consumed in the wild, containing 50% grain mixture and 50% chicken mash (HAVENS Voeders, Maashees, the Netherlands). Diet composition was constant during the experiment, but origin of the grains supplied may have varied. The isotopic composition of the diet was 221.4660.39% for d 13 C (SD) and 1.9560.45% for d 15 N (SD); C/N ratio by atomic mass was 20.3/1 (two random samples of the main components of the food mix). Blood samples were collected from the tarsal vein of nine individuals of each species (5 males and 4 females) and centrifuged (7 g; 10 minutes) immediately to separate plasma from blood cells. We also collected a sample from the tip of the first primary feather, a complete feather from the back, and a sample (,1 mm in length) from the tip of the inner-most claw. All blood cells (in 70% ethanol) and plasma samples were stored at 220uC until analysis.
Second, we quantified discrimination of d 15 N and d 13 C from food to egg tissue and then to chick down feathers in wild populations of Pink-footed Geese (Anser brachyrhynchos) and Barnacle Geese (Branta leucopsis). Study populations winter in north-western Europe and migrate to their breeding grounds in Svalbard with staging sites at the Norwegian coast. Herein the food at staging and breeding sites are isotopically distinct [25] . To quantify discrimination from food to eggs we used droppings from Pink-footed Geese as proxies for food, because droppings reflect the quantitative composition of ingested food in geese [26] . Grass and moss as main diet components contain a large portion of non-digestible fibre, which will not be chemically modified during gut passage and are excreted afterwards. Thus, data from droppings mainly represents the isotope composition of fibre. However, protein content of bulk grass and dropping can differ due to (partly) digestion of the proteins [27] , and thus, can affect 
Turn-over in blood and egg tissues
We experimentally measured turn-over time of blood components and egg tissues in European Mallards by switching between two diets that differed in d 13 C composition. Such switches can occur in waterfowl feeding on isotopically distinct resources throughout the annual cycle. In ducks, final egg formation lasts ,8 days, with yolk deposition occurring during a 6 d period of rapid follicular growth followed by the segregation of albumen 1-2 days before the egg is laid [28] . If the isotopic composition of diet changes during egg formation, we would expect longer or similar turn-over times in yolk compared to blood plasma, because the latter acts as main carrier of yolk precursors. Because yolk is deposited in concentric layers during rapid follicular growth [29] , we anticipate a temporal pattern of isotope composition within the egg: the oldest, inner-most yolk would have longer turn-over times and therefore the isotopic composition of the previous diet, while the youngest, outer-most yolk would have the shortest turn-over time and an isotopic composition more similar to that of the new diet.
Six mallards were held in outdoor aviaries in pairs, and fed a diet based on C4 plants (maize) or C3 plants (wheat). Both diets were composed of 67% wheat or maize, 22% soybean and 2% of sunflower seed, flax seed, millet, buckwheat and peanut. Ingredients were coarsely ground but not compressed into pellets. The isotopic composition of the C4-based diet was 216.261.52% for d 13 N, with a C/N ratio of 14.4/1. After 40-47 d of acclimatization on the C4 diet, food was switched to the C3 diet. We collected blood samples before and after the diet switch, and collected eggs laid by females during the experiments. Blood samples were centrifuged immediately for plasma/blood cell separation. Eggs were boiled and a sample of albumen and samples from the inner (earliest) segregated yolk, intermediate and outer (latest) segregated yolk were collected. All samples were stored at 220uC until analysis.
Stable isotope analysis
Food samples from the diet-tissue discrimination experiment were air-dried at 60uC for two days and ground to fine powder using an analytical mill (mesh size ,1 mm). The keratinous samples (feathers and claws) were cleaned with hexane to remove any contamination, and air-dried under a fume hood. All other samples were freeze-dried for two days. We removed lipids from a sub-sample of whole yolk by extraction with chloroform-methanol 
Calculation of discrimination factors and turn-over time
We calculated apparent discrimination factors (DX) for carbon and nitrogen stable isotopes between source and tissue as DX st = dX tissue 2dX source , wherein sources were bulk diets or egg tissues (for chick down feathers). To describe tissue specific turnover after a diet switch we calculated exponential decay regression
is the isotope signature of the specific tissue at time t (days) since diet switch, d(') is the isotopic composition of the tissues in equilibrium with the new C3-diet, a is the difference between d(0) and d('), and l is the turnover rate [17] . In addition, we calculated half-life times, the time required to halve the difference in isotopic composition between d(t) and d('), as t 50 = ln(2)Nl
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.
Statistical analyses
Exponential decay regression curves were fitted using SigmaPlot11 (least square fit). All other statistical analyses were conducted in SPSS18.0. Data are presented as means 6SD, unless otherwise stated.
Results
Source-tissue discrimination Table S1 ). However, the interaction term showed significant differences between species and tissues (F 4,87 = 6.02, P = 0.001). There was a similar pattern for d 15 N (species: F 4,87 = 0.47, P = 0.49; tissues: F 4,87 = 39.57, P = 0.001; interaction: F 4,87 = 4.44, P = 0.003, Supporting Material Table  S1 ).
Accordingly, discrimination factors varied mainly between tissues (Table 1; Table 2 ) and, in a few cases, between species (Table 1) . For carbon, blood cells showed negative D 13 C, whereas plasma and keratinous tissues showed positive DC (Table 1) 
Turn-over time
In blood tissues, turn-over rate (l) and half-life time (t 50 ) of d 13 C was 0.16260.033 (SE) and 4.3 d respectively in plasma, and 0.02260.007 (SE) and 31.9 d in blood cells (Figure 1, Table 3 ). In egg tissues, l averaged 0.21860.041 (SE) (t 50 = 3.2 d) and Source -tissue discrimination was measured experimentally in captive Bewick Swans Cygnus columbianus bewickii (A) and mallards Anas platyrhynchos (B); diet and egg tissue-feather discrimination was determined in free-living Barnacle Geese Branta leucopsis (C) and Pink-footed Geese Anser brachyrhynchos (D). Herein, droppings were used as proxies for ingested food. Between-species differences were examined with t-test, *marks a difference at p-level,0.05, n x gives sample size for the respective species. Individual species values are provided in Table S2 . doi:10.1371/journal.pone.0030242.t001 0.11660.020 (SE) (t 50 = 6.0 d) in albumen and yolk, respectively ( Figure 2 , Table 3 ). However, in yolk we found considerably differences in l in accordance with pattern of yolk formation: turnover rates were slowest (0.05260.033 (SE)) for inner yolk (synthesized first), followed by intermediate yolk (0.12860.034 (SE)) and, finally, most rapid (0.22260.034 (SE)) in outer yolk (synthesized last; Figure 2 
inset).
Discussion
Studies in stable isotope ecology are fundamentally underpinned by knowledge of how closely stable isotope ratios in various animal tissues reflect isotope ratios found either in the ambient environment [30] or in the consumed diet (so-called source-tissue discrimination, [6] ), as well as how rapidly these tissues take-over the isotopic information of a changed environment or diet (socalled turnover rates and related tissue half-life estimates, [6] , [17] ). Here, we have determined stable isotope discrimination factors and turn-over rates in tissues of four herbivorous waterbird species with similar digestive adaptations to a low-protein and high-fibre content diet [31] .
Source-tissue discrimination
We verified that for both carbon and nitrogen, apparent discrimination factors between source and tissues show considerable differences between different tissues, even those formed of a similar material and/or within a similar time frame, such as the three keratinous tissues (flight and back feathers and claws). In contrast to studies spanning multiple foraging guilds [19] , between-species differences appeared to be minimal or absent in our study of herbivorous waterbirds. Notably, source-tissue discrimination of feathers was positive (enriched) for adults but negative (depleted) for chick down. Chick down feathers aside, discrimination factors were larger for keratinous tissues than for Tissues are blood plasma, blood cells, and keratinous tissues: claw, back feather and first primary feather from Bewick Swans (Cygnus columbianus bewickii, n = 9) and mallards (Anas platyrhynchos, n = 9). Data were pooled for paired t-tests. doi:10.1371/journal.pone.0030242.t002 Figure 1 . Turn-over of blood tissues. Turn-over of d 13 C in plasma (unfilled circles, dashed line) and blood cells (filled circles, solid line) from mallards switched from C4-based to C3-based diets. For parameters of the exponential decay curves see Table 3 . doi:10.1371/journal.pone.0030242.g001 Table 3 . Regression statistics of the exponential decay functions in d 13 C of different tissues from female mallards after the switch from C4 to C3-based diet. Exponential decay is given with d(t) = d(')+aNe 2lN t wherein d(t) is the isotope signature of the specific tissue at time t (days) since diet switch, d(') is the isotopic composition of the tissues in equilibrium with the new C3-diet, a is the difference between d(0) and d('), and l is the turn-over rate. R 2 and n are goodness of fit and the number of samples; coefficients are given as means 6 SE. doi:10.1371/journal.pone.0030242.t003 blood cells or plasma both in carbon and nitrogen, as seen in other avian studies [6] [32] .
The difference in apparent discrimination factors between flight and body feathers may have been confounded by the temporal dynamics of feather re-growth, which varies between different feather tracts. In waterfowl, wing feathers are moulted completely within few weeks only [33] . To facilitate such rapid feather synthesis birds may use both exogenous (diet) and endogenous (stored) resources [34] . By contrast, body feathers are moulted over substantially longer time periods, and claws are grown continuously throughout the annual cycle, suggesting potentially lower physiological stress for the individual. We cannot, however, exclude the possibility that some variation in discrimination factors may be a result of individual or species diet selectivity, given that we calculated discrimination factors from bulk diet to studied tissue. It is still possible that birds may have fed selectively during specific periods of the annual cycle, which could explain the interspecies differences in discrimination factors for back feathers or plasma.
Variability in apparent discrimination factors between different tissues is widely acknowledged [35] [36] [14] [6]; thought to be a result of different biochemical pathways and hence different sets of enzymes which can operate isotope-specifically [5] . Yet certain tissues that we would assume to have been produced by similar biochemical pathways (such as keratinous claws and feathers) showed variation in discrimination factors, particularly for nitrogen (Table 2) . Any potential differences in keratin synthesis aside, such differences in discrimination factors may be attributed to specific routing of nutrients to and from body stores [21] , which, in migrants, may vary throughout the annual cycle.
Source-tissue discrimination across guilds
Given that discrimination depends on chemical composition of diet and its subsequent digestion, discrimination factors are expected to differ between foraging guilds. Indeed, marked differences between carnivorous and granivorous animals have previously been reported [19] . To further examine whether foraging guild may influence discrimination of carbon and nitrogen we complied available data on avian species studied to date (March 2011). We applied general linear mixed models to examine the effect of foraging guild (8 levels) and target tissue (10 levels, Supporting Material Table S2 ) on D 13 C or D 15 N, with study and species as random effects. We assumed that D 13 C of whole blood and blood cells were similar, given the overwhelming isotopic signal of blood cells on the isotope ratios in the blood as a whole [17] . Carbon discrimination differed between tissues (P,0.001) but not foraging guilds (P = 0.23), as did D 15 N (P,0.001 and P = 0.08 for tissue and foraging guild, respectively). We also tested whether our values for D 13 C or D 15 N in herbivorous waterfowl differed from those obtained for granivorous birds -the current surrogate values for herbivores -for blood cells and feathers (data for plasma, claws and chick down are not available for granivorous birds). There were no significant differences for D
13
C of blood cells or feathers (P = 0.87 and P = 0.57, respectively) or for D 15 N of blood cells (P = 0.11), but significantly different D 15 N of feathers (P = 0.01). Within a foraging guild, similar D of same tissues can be expected if the individuals are in steady state [37] . Indeed, we show similarities in discrimination factors across herbivorous waterbirds within tissues. However, the species in our study are closely related members of the same family (Anatidae); a comparison of discrimination factors between non-related herbivorous species is lacking at present.
Turn-over in blood and egg tissues
Diet switches occur frequently in the wild, when individuals travel (and feed) between isotopically distinct habitats [17] . Given that different tissues turn-over at different rates, it is then possible to infer an animal's diet or habitat preference over a range of temporal and spatial scales by examining isotopic composition of two or more of these tissues [38] . Yet conclusions derived from specific isotope patterns are critically underpinned by knowledge of the time needed to incorporate a specific pattern into the target tissue(s). For herbivorous waterbirds, we show a 6-fold difference in half-life time between blood plasma and blood cells (Table 1) , underscoring the utility of these tissues for studies of diet switch dynamics ( [17] ).
Adding our estimate of d
13
C to the available literature on blood cells and whole blood (Supporting Material Table S3 ), we found weak support for the notion that turnover of tissues is related to body mass scaled to the J power [22] [20] such that t 50 = 5.27Nbody mass(g) 0.212 (r 2 = 0.45, P = 0.01). Despite this relationship, considerable interspecies variation exists. In fact, the above relationship underestimates our empirically derived value for blood cell t 50 by approximately 30%, highlighting the need for species-specific estimates and a greater understanding of the mechanisms driving interspecies differences in tissue turnover before we can simply estimate turnover rates based on the body mass of an animal of interest.
We also show, for the first time that yolk and albumen of eggs laid following a diet switch show similar half-life dynamics as blood plasma; with albumen turning over slightly faster than yolk. In addition, we were able to quantify a within-yolk pattern of isotopic incorporation following a diet switch that was directly related to the pattern of yolk formation. This has two important implications: first, in laying females, digested nutrients appear to be readily routed to albumen and yolk formation. This is supported by the similarities between the rate of development/turnover in yolk and albumen and the turnover rate of blood plasma, the main carrier for metabolic products and pre-cursors for egg formation Table 3 . doi:10.1371/journal.pone.0030242.g002 (Table 1) . Secondly, yolk archives the isotopic pattern of food along a temporal gradient from inner-(oldest) to outer-most (newest) parts of the yolk. Thus, the isotopic pattern in yolk rather gives a snapshot in time of the diet composition, similar to keratin in feathers or claws, than a genuine turn-over driven by continuous supply of nutrients like blood. This pattern both extends the potential utility of egg tissues in studies of diet switch dynamics and emphasizes the importance of standardized yolk sampling techniques, as random yolk samples taken from raw eggs may vary in their age and isotopic composition.
Across all avian species studied to date some generalities regarding discrimination factors and tissue turn-over times can be made. Typically, however, a large amount of variation still remains unexplained. 
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